Selective attention in multidimensional displays has usually been examined using search tasks requiring the detection of a single target. We examined the ability to perceive a spatial structure in multi-item subsets of a display that were defined either conjunctively or disjunctively. Observers saw two adjacent displays and indicated whether the to-be-selected items within the two displays matched in terms of their spatial structure (the identity of the corresponding items within these subsets was not relevant to the task). The observers in our study could readily perceive conjunctively defined subsets, but had great difficulty with disjunctively defined subsets. The results pose a challenge to the popular idea that attention is guided by a "priority map" that sums bottom-up and top-down factors, whereas they are directly predicted by Boolean map theory of visual attention.
The visual system appears to analyze a number of basic features across the visual field separately and simultaneously (Treisman & Gelade, 1980; Livingstone & Hubel, 1988) . A major challenge in the study of perception is to understand how these different representations of the visual world are combined-a challenge often referred to as the binding problem (Treisman & Gelade, 1980 ; for a recent review, see Quinlan, 2003) . The experimental research that has explored the binding problem has relied heavily on visual search tasks in which observers attempt to locate one or a few target items in a display. A prominent point of view that has emerged within the field explains the different phenomena that arise in visual search tasks by postulating what is often referred to a salience map of the scene, which is thought to combine bottom-up and top-down inputs (Itti, Koch, & Niebur, 1998; Wolfe, Cave, & Franzel, 1989; Wolfe, 1994; Lu & Sperling, 1995) . If valid, this view has implications that go well beyond visual search tasks. The purpose of this article is to examine some novel tasks that require people to perceive the spatial arrangement of feature-bearing elements in a scene and to ask whether the results obtained with these tasks fit with the popular assumptions about the salience map.
Conjunction Search and the Salience Map Concept
The use of visual search tasks to examine the issues of binding was catalyzed by Treisman and Gelade (1980) in their well-known article on feature integration theory. They reported that when observers search a display for conjunctions of features (e.g., a green X in a display of green Os and red Xs), response latencies increased substantially as the number of elements in the display increase. The conjunction search task has been examined in hundreds of articles that followed up on Treisman and Gelade's work. A currently popular and theoretical approach to conjunction search relies on the idea of a salience or priority map (originally termed the "activation map" by Wolfe, Cave, & Franzel, 1989; Wolfe, 1994) . The basic idea of the salience map is that information from multiple dimensions is combined to form a single unified map that then guides attentional selection.
It has long been recognized that people can voluntarily choose to attend to objects of a particular color or at a particular location (e.g., Broadbent, 1958) , and also that our attention tends to be drawn automatically to objects whose features are discrepant from those of the background (e.g., James, 1890 James, /1950 . One may envision maps for attentional selection that combine either top-down or bottom-up signals from multiple dimensions. A map could represent top-down (i.e., goal-driven) signals from different dimensions, weighted by their relevance to the present behavioral goals; for example, when looking for red vertical targets, objects with either red or vertical properties would both be activated, the red vertical objects being the most activated items. Similarly, a map could sum bottom-up (i.e., stimulus-driven) signals such as local discrepancies in luminance, color, and motion.
Following some prior studies, our own previous work (e.g., used the terms top-down salience and bottom-up salience to represent, respectively, these top-down and bottom-up signals. Serences and Yantis (2006) pointed out that it is confusing to use the term salience indistinguishably to refer to the top-down component, the bottom-up component, or a combination of both, and they suggested replacing this term in these cases with the terms relevance, salience, and priority, respectively. Hereafter, we will follow this suggestion. Some existing models, such as the guided-search model (Wolfe, 1994) , have emphasized top-down relevance, whereas others have emphasized either bottom-up salience (Itti, Koch, & Niebur, 1998) or both top-down relevance and bottom-up salience (Lu & Sperling, 1995) .
A priority map provides one potential way to understand conjunction searches (Wolfe, 1994 ). An alternative theoretical perspective argues that in searching for conjunctions, observers implement a two-stage "subset selection" strategy (Egeth, Virzi, & Garbart, 1984 ; see also Kaptein, Theeuwes, & van der Heijden, 1995) . Whereas the relevance map account claims that in a search for red vertical targets, objects with either red or vertical properties are both activated (with the red vertical objects being the most activated), the subset selection account claims that when looking for red vertical targets, observers may first select all of the red items and then search among these for the vertical items. This subset selection account is highly congenial to the recently proposed Boolean map theory of visual attention Huang, Treisman, & Pashler, 2007 ; see also Huang & Pashler, 2009; Huang, 2010a Huang, , 2010b Huang, , 2010c Huang, , 2011 , which will be discussed further later in this article.
The relevance map idea and the subset selection strategy provide very distinct accounts of how the multidimensional guidance of attention might operate, but, unfortunately, for the classic task of searching for a single target defined by conjunction (e.g., Treisman & Gelade, 1980; Wolfe, Cave, & Franzel, 1989) , these two accounts are difficult to distinguish. However, we will see that when one moves beyond this classic search task and looks at how observers use multiple dimensions to apprehend the spatial structure of subsets of displays, the two perspectives make distinct and testable predictions.
Perception Beyond Search
To study the across-dimension information combination and other issues in this field, many researchers have focused almost exclusively on the paradigm of visual search. This has led to a relative neglect of the question of how people perceive different kinds of structure (besides containing versus not containing a target) that may exist within displays (e.g., Ullman, 1984; Lu & Sperling, 1995) . Outside of the laboratory, people often look at scenes without any specific conscious intention of locating a target; for example, a visitor to an art museum inspecting a painting probably has the goal of perceiving the structure and relationships within the artwork, not locating, for example, a green spot or a vertical line segment. A comprehensive theory of multidimensional visual perception needs to illuminate the representations and processing options that underlie such experiences. In the current article, we focus on a task that requires people to perceive the spatial structure of a display composed of multiple items that differ on several dimensions.
Experiment 1: Efficient Selection of Conjunction But
Not of Disjunction
Conjunction and Disjunction Tasks
In Experiment 1, the stimulus items (i.e., grating patches) varied on two dimensions: color (Red vs. Green) and spatial frequency (Coarse vs. Fine). The features were counterbalanced between two groups of observers. To simplify the description, the discussion below only refers to the features used for observer Group 1; for observer Group 2, the roles of the features were reversed in both dimensions: Red 7 Green, Coarse 7 Fine.
In each trial in Experiment 1, the observers viewed two displays, one on the left and one on the right side of the screen. Both displays contained four coarse red grating patches, two coarse green grating patches, and two fine red grating patches (see Figure  1) . In different blocks, the observers performed one of two tasks, which will be termed the conjunction task and the disjunction task (the present usage is quite similar, but not identical, to how these terms have been used in the visual search literature, starting with Treisman & Gelade, 1980 ; see also Treisman, 1988; Treisman & Sato, 1990; Quinlan & Humphreys, 1987; Moore & Osman, 1993) . Both tasks required attending to the spatial arrangement of the locations occupied by a subset of each of the two displays and responding according to whether the arrangement on the left matched the arrangement on the right.
In the conjunction task, the relevant subset (i.e., the to-beselected subset) was defined conjunctively; it consisted of all of the elements that individually contained both of the two specified features (i.e., red and coarse). In the disjunction task, the relevant subset was defined disjunctively; it consisted of all of the elements containing either of the two specified features (i.e., green or fine). In both tasks, the observer's response was not based on whether the particular elements comprising these subsets on the left and right were identical in color or spatial frequency, but rather on whether the "shape" of the subset on the left matched the "shape" of the subset on the right; for example, in Figure 1 , the disjunction display is an example of a match display, even though the individual items in corresponding positions within the two displays differ. Thus, the task relies on higher-order features in the sense discussed by Lu and Sperling (2001) and Pashler (2002, 2007) , that is, features (in this case, shapes) that are extracted from the spatial distribution of attention itself, not features that are selected by attention from the database of features already created in early vision.
The Prediction From the Subset Selection Strategy
The hypothesis of subset selection, previously applied to conjunction search tasks (Egeth et al., 1984) , suggests that people select one subset based on one feature and then make a selection within this subset based on some other feature. In other words, subset selection for conjunction targets is a subtraction strategy (e.g., selecting all red items and then subtracting all fine items, thus leaving the red coarse ones). The conjunction task used in the present study is well suited to being completed with this strategy. On the other hand, selection in the disjunction task in the present study would be readily accomplished through an addition strategy (e.g., selecting all of the green items and then adding fine items to this selection), but not by a subset selection strategy.
Developed further from the subset selection account on visual search (Egeth et al., 1984) , our recent Boolean map theory proposed that the Boolean operation "intersection" is the only option whereby attentional selection can use information from more than one dimension. In other words, the selection is a nested process: the selection mechanism can only subtract something from the currently selected set and embrace the resulting subset; it cannot add onto the currently selected set and embrace the resulting superset. Thus, the present conjunction task requiring the selection of a subset can be accomplished naturally, whereas the present disjunction task requiring the selection of a superset will cause considerable difficulty.
Taken together, if the subset selection account describes the basic control operations available to the system of attention selection, selection would be substantially less efficient in a disjunction display than in a conjunction display.
The Prediction From the Relevance Map
The activation level of a relevance map is usually assumed to be determined by adding local signals in an approximately linear fashion (e.g., Eckstein, 1998) ; therefore, both conjunction and disjunction tasks should be performed with comparable efficiency. In the case of the conjunction task in this study, "red" and "coarse" would be activated in the color and the spatial frequency dimensions, respectively, and the summation of these signals would allow the red coarse items to be segregated from the rest. Similarly, in the disjunction task, "green" and "fine" would be activated, respectively, in the color and the spatial frequency dimensions and the summation of these signals would allow their union (e.g., Green U Fine) to be segregated from the rest.
Summary of Predictions
In terms of efficiency of task performance, the relevance map concept predicts efficient performance in both types of task, whereas the subset selection strategy predicts that only a conjunction task will be performed efficiently. Therefore, the empirical comparison between the conjunction and disjunction displays in Experiment 1 provides a good opportunity to differentiate between these two theories.
Method Observers
University undergraduate students, all of whom had normal or corrected-to-normal vision, participated in this project. There were 24 observers in Experiment 1.
Apparatus
The stimuli were presented on a 1024 ϫ 768 pixels CRT color monitor. The observers viewed the display from a distance of about 60 cm and entered their responses using a keyboard. The program was written in Microsoft Visual Basic 6.0 and was run on Microsoft Windows XP using timing routines tested with the Black Box Toolkit.
Stimuli
In the stimuli display, two panels, each measuring 5.0 ϫ 5.0 degrees, were presented on the left-and right-hand sides of the screen. Both panels consisted of a 4 ϫ 4 array of possible positions Figure 1 . Stimuli of Experiment 1. In different blocks in Experiment 1, the observers performed one of two tasks: the conjunction task or the disjunction task. Both tasks required attending to the spatial arrangement of the locations occupied by a subset of each of the two displays and responding according to whether the arrangement on the left matched the arrangement on the right. In the conjunction task, the relevant subset was defined conjunctively: it consisted of all of the elements containing both of the two specified features (e.g., Red and Coarse). In the disjunction task, the subset was defined disjunctively: it consisted of all of the elements containing either of the two specified features (e.g., Green or Fine). In both tasks, the observer's response was not based on whether the particular elements comprising these subsets on the left and right sides were identical, but rather on whether the shape of the subset on the left matched the shape of the subset on the right; for example, the example of a disjunction display in the left-top corner is an example of a match display, even though the individual items do not match.
for the stimulus items. The features were counterbalanced between two groups of observers. To simplify the description, the discussion below only refers to the features used for observer Group 1; for observer Group 2, the roles of the features were reversed in both dimensions: Red 7 Green; Coarse 7 Fine. All of the stimuli were vertical gratings, and four red coarse gratings, two green coarse gratings, and two red fine gratings were placed in each array. Each item measured 1.0 ϫ 1.0 degrees, and the gaps between the items were 0.25 degrees. The coarse and fine gratings contained 2 and 10 cycles, respectively. Both the conjunction and the disjunction tasks required attending to the spatial arrangement of the locations occupied by a subset of each of the two displays (four items out of eight) and responding according to whether the arrangement on the left matched the arrangement on the right. In the conjunction task, the relevant subset contained the four red coarse gratings on each side (i.e., the elements containing both of the two specified features: red and coarse). In the disjunction task, the relevant subset contained the two green coarse gratings and the two red fine gratings on each side (i.e., the elements containing either of the two specified features, green or fine). In both tasks, the observer's response was not based on whether the particular elements comprising these subsets on the left and right sides were identical, but rather on whether the shape of the subset on the left matched the shape of the subset on the right. The four items to be compared were placed randomly when they did not match; the four remaining items were always placed randomly.
Procedure
At the start of each trial, a small white fixation cross was presented for 400 ms in the center of the screen. After a short blank interval (400 ms), the stimuli display was presented, and it remained on the screen until a response was made. The observers responded by pressing one of two adjacent keys ("J" for a match and "K" for a nonmatch); they were asked to respond as quickly and as accurately as possible (i.e., a speeded response). After a response had been made, a pleasant or unpleasant tone sounded to indicate when the response was correct or incorrect, respectively, and the next trial began 400 ms later. The pleasant and unpleasant sounds were, respectively, similar to the typical "beep" and "error" sounds in the Microsoft Windows operating system, and the observers found their meanings very intuitive. The observers completed 10 blocks (80 trials); the first two blocks were regarded as practice and excluded from the analysis. The blocks alternated between a conjunction block and a disjunction block, and the starting block was balanced across the observers.
Results and Discussion
In all experiments of the present study, the analysis of response times (RTs) was based on correct trials only, and the outliers (exceeding 3 SD from the mean) were excluded.
The RTs were much longer in the disjunction task than in the conjunction task (1895 ms vs. 1199 ms), t(23) ϭ 9.76, p Ͻ .001. This finding favors the subset selection strategy as against the relevance map. The pattern of error rates was consistent with this conclusion (4.9% in the disjunction condition vs. 3.5% in the conjunction condition), F(1, 23) ϭ 2.92, p Ͻ .01.
The relevance map can be defended by arguing that, in disjunction displays, such as those in Experiment 1, there are two possible reasons why the relevant subset in a disjunction task cannot be selected effectively. The first reason is that the relevance map is constructed so to guide attention only to a single location of maximum activation through a winner-take-all process; therefore, it only helps in searching for a single target and does not allow the observer to perceive (or select) a spatial pattern from the map itself. The second reason is that there may be an inherent constraint in the relevance map, namely, that the selected subset (i.e., the relevant subset in the present tasks) must consist of homogenous items; consequently, in the case of disjunction displays, the selection process is disrupted because the relevant subset consists of two types of items.
One obvious problem with the first argument is that it would imply that only a search for a single target is efficient and that the selection of any feature-defined pattern will be difficult (e.g., selecting the spatial pattern of 10 green balls while ignoring 10 red balls), which is not true. To defend the relevance map, one must assume there are two different mechanisms of attentional selection, one responsible for selecting a single object (i.e., a visual search task) and the other for selecting a spatial pattern. This twomechanism explanation does not seem parsimonious.
The plausibility of the second argument (i.e., attentional selection cannot readily select a region of inhomogeneous items) was tested in Experiment 2 using spatial patterns that were salient but inhomogeneous. If it turns out that a heterogeneous region can be selected on the basis of a bottom-up salience map, then it becomes more doubtful that a top-down relevance map alone has these constraints.
Experiment 2: Efficient Selection of a Heterogeneous Spatial Pattern Based on Salience
To test whether a heterogeneous spatial pattern defined by bottom-up salience can be selected efficiently, we needed to find a situation in which the selection could be based on salience, but which was otherwise comparable to Experiment 1. For this purpose, the displays used in Experiment 1 were modified in two ways (see Figure 2 ): (a) additional items that were the same as the four irrelevant (i.e., to-be-ignored) items were included to fill in all of the empty positions and (b) each panel was expanded from a 4 ϫ 4 array to a 6 ϫ 6 array. After these manipulations, the relevant items in a disjunction display became the salient odd items embedded in a homogenous background; other than this, the features involved in the selection were identical to those used in Experiment 1. If the bottom-up salience map can be used to select a heterogeneous spatial pattern, then selection in a disjunction display would be greatly facilitated; on the other hand, if the priority map (i.e., both top-down relevance and bottom-up salience) is generally useless in selecting a spatial pattern (or, more specifically, a heterogeneous pattern), then the salience map would be of no help in a disjunction display and the results would be similar to those of Experiment 1.
Method
The method of Experiment 2 (see Figure 2 ) was identical to that of Experiment 1 except in the following respects: (a) there were 28 observers, (b) each panel was expanded from a 4 ϫ 4 array to a 6 ϫ 6 array, and (c) more items that were identical to the four irrelevant items were presented to fill in all of the empty positions.
Results and Discussion
Contrary to the results of Experiment 1, the RTs in Experiment 2 were actually shorter in the disjunction task than in the conjunction task (1234 ms vs. 1360 ms), t(27) ϭ 3.81, p Ͻ .001, and the error rates were roughly equal (4.4% vs. 4.1%). Figure 3a plots the results of Experiments 1 and 2 together and shows that there was a substantial interaction between experiment and display type, F(1, 50) ϭ 120.10, p Ͻ .001. This interaction suggests that when the relevant subset becomes the salient odd items, salience can indeed be used effectively for selecting a heterogeneous spatial pattern, thus throwing doubt on the alternative accounts mentioned above.
Experiments 3-4: Testing With Exposure Duration Threshold
Despite the arguments given above, one could argue as follows. The overall RTs in Experiments 1 and 2 presumably include the time taken by a number of processing stages beyond the perceptual and attentional analysis. The difference between the conjunction and the disjunction tasks in Experiment 1 may have reflected differences at these postperceptual stages (and hence the difference may not necessarily be directly related to attentional selection). Prinzmetal, McCool, and Park (2005) elaborated on this distinction between perceptual and postperceptual processing and argued that although RTs are influenced by both perceptual and postperceptual factors, the accuracy (or exposure threshold) of masked-briefly presented stimuli should give a more pure measurement of perceptual processing (see also Egeth & Santee, 1981) . To address this concern, using the same tasks as in Experiments 1 and 2, Experiments 3 and 4 measured exposure duration thresholds; this measurement provides a more pure measurement of attentional and perceptual processing times.
Method
The methods of Experiments 3 and 4 were identical to those of Experiments 1 and 2, except in the following respects: (a) there were 24 and 28 observers in Experiments 3 and 4, respectively; (b) the stimuli displays were followed by masks; and (c) the exposure duration of the stimuli (i.e., the temporal difference between the onset of the stimuli display and the mask) was adjusted for each display type (conjunction vs. disjunction) so that each observer's overall accuracies were moderate (75%) in both display types. This adjustment was implemented by running a separate staircase procedure for each display type: decreasing the duration by 10% after each correct response but increasing the duration by 37.2% after each incorrect response. The thresholds for an individual observer were measured by averaging all of the exposure durations for the same display type (in blocks 3-10) on a logarithmic scale. The thresholds were also averaged across the observers on a logarithmic scale.
Results and Discussion
As shown in Figure 3b , the results of Experiments 3 and 4 closely mirrored those of Experiments 1 and 2. In Experiment 3, the exposure threshold for a disjunction display was significantly longer than that for a conjunction display, t(23) ϭ 13.24, p Ͻ .001, but this difference was reversed in Experiment 4, t(27) ϭ 4.56, p Ͻ .001. The interaction between display type and experiment was significant, F(1, 50) ϭ 84.63, p Ͻ .001. We can therefore rule out the possibility that the difficulty in a disjunction display is about decision and not attentional selection; thus, the conclusion reached from Experiments 1 and 2 is confirmed.
Experiment 5: Selecting an Identical Subset From an Identical Display
Experiment 2 shows that bottom-up salience can be used effectively for selecting a heterogeneous spatial pattern, thus making it unparsimonious to assume that top-down priority alone cannot handle a heterogeneous pattern. Nevertheless, one may still contend that feature heterogeneity plays different roles in relation to bottom-up salience and top-down relevance.
In addition, one may suspect that in Experiment 2 and 4, the observers could perform the disjunction task by comparing the spatial structure of the irrelevant subset, rather than the intended relevant subset. This seems unlikely because this strategy can only Figure 2 . Stimuli of Experiment 2. The stimuli displays in Experiment 2 differed from those in Experiment 1 in two ways: (a) more items that were the same as the four irrelevant (i.e., to-be-ignored) items were presented to fill in all of the empty positions and (b) each panel was expanded from a 4 ϫ 4 array to a 6 ϫ 6 array. Unlike in Experiment 1, the response times in Experiment 2 were about the same for the disjunction and conjunction displays, which ruled out the possibility that a priority map is incapable of selecting a pattern (or, more specifically, a heterogeneous pattern).
reduce the conjunction and disjunction difference and could not reverse it. In any case, it is difficult to completely rule out potential alternative strategies as long as the visual appearances of relevant subsets in conjunction and disjunction tasks differ significantly from each other.
In Experiment 5, two groups of observers attempted to select the same set of items from the same display, but one group's selection was based on a conjunction strategy whereas the other group's was based on a disjunction strategy. This complete equalization of visual appearance allowed us to rule out any potential role of feature heterogeneity (or other alternative strategies) and measure purely how different ways of attentional selection (i.e., conjunction vs. disjunction) affect performance. This complete equalization was achieved by using four dimensions in total, defining the relevant subset simultaneously as a conjunction in two dimensions, but as a disjunction in the other two dimensions.
Method
The stimuli in Experiment 5 were different from those used in Experiments 1-4, as will be explained in detail below. The other aspects of the method used in this experiment were similar to the methods used in Experiment 1, with the following exceptions: (a) there were 32 observers and (b) the observers completed 10 blocks (45 trials). The task of Experiment 5 was challenging, and therefore aside from the 32 observers mentioned above, data of 9 observers were discarded because these observers could not master the task (error rates Ͼ 15%).
Stimuli
In Experiment 5, the grating patches varied on four dimensions (see Figure 4a ): surface color (Red vs. Green), spatial frequency (Coarse vs. Fine), shape (Cross vs. Holed Square), and center dot color (Blue vs. Yellow). The dimensions and features were counterbalanced by dividing the observers evenly into four groups (8 per group) to avoid any effects of feature asymmetry or dimension asymmetry. To avoid any potential confusion caused by counterbalancing, the four dimensions will be referred to as A, B, C, and D and the two feature values of dimension A will be referred to as A 1 and A 2 . The arrangements of the dimensions (and features) for each of the four groups of observers are shown in Table 1 .
In half of the trials (critical trials), the features were arranged so that the subset defined as a conjunction in two dimensions (A and B) was defined as a disjunction in the other two dimensions (C and D), and vice versa. Specifically, each panel contained four types of items (two of each): A 1 B 1 C 1 D 2 , A 1 B 1 C 2 D 1 , A 1 B 2 C 1 D 1 , and A 2 B 1 C 1 D 1 . Observers in the conjunction task were asked to select the first and second types (by looking for features A 1 and B 1 ). Observers in the disjunction task were told to look for the third and fourth types (by looking for features A 2 or B 2 ). Their task was to indicate whether the four to-beselected items within the two panels matched in terms of their spatial structure. Sample displays and tasks for each group are illustrated in Figure 4b .
Given the structure of the task, one might be concerned that some observers might realize that they could actually ignore the instructed selection criterion (involving dimensions A and B) and instead perform their tasks based on the dimensions C and D. To foil this strategy, in the other half of the trials (catch trials), the stimuli were the same as those in the critical trials only for dimensions A and B. For dimensions C and D, the four items in the relevant subset (and also the 4 items in the irrelevant subset) were each randomly assigned in four possible combinations-C 1 D 1 , C 1 D 2 , C 2 D 1 , or C 2 D 2 -so that the task could not be performed based on the dimensions C and D. Certainly, the observers could still have first distinguished whether a trial was a critical trial or a catch trial and intentionally relied on the irrelevant dimensions if it was a critical trial. The potential implications of such a strategy for the interpretation of results will be discussed below. In Experiment 1, the disjunction display was far more difficult than the conjunction display; this challenged the usefulness of relevance in attentional selection. In Experiment 2, this disjunctionϪconjunction difference was reversed when salience could be used to aid selection, thus ruling out the possibility that a priority map is incapable of selecting a pattern (or, more specifically, a heterogeneous pattern). Experiments 3 and 4 confirmed the results of Experiments 1 and 2 with an exposure threshold measurement and thus ruled out the possibility that the disjunctionϪconjunction difference in Experiment 1 reflected the effect of decision rather than attentional selection. In both panels, the error bars represent the 95% confidence intervals.
It can easily be verified from both Table 1 and Figure 4b that the conjunction and disjunction displays for observer Group 1 (or 2) were, respectively, identical to the disjunction and conjunction displays for Group 3 (or 4) and that the to-be-selected subsets were also identical. In other words, out of the same display, two groups of observers attempted to select the same set of items, but one group's (e.g., Group 1) selection was based on a conjunction strategy whereas the other group's (e.g., Group 3) was based on a disjunction strategy.
Results and Discussion
The results of Experiment 5 are shown in Figure 4c . In Experiment 5, the RTs were much longer in the disjunction task than in the conjunction task for both the critical trials (2557 ms vs. 2206 ms), t(1,31) ϭ 4.30, p Ͻ .001, and the catch trials (2802 ms vs. 2286 ms), F(1, 31) ϭ 5.88, p Ͻ .001. The error rates were roughly equal for the disjunction and the conjunction tasks in both the critical trials (4.5% vs. 3.9%) and the catch trials (5.5% vs. 5.1%). This suggests that even when display composition is equated across the two tasks, attentional selection based on the disjunction task is inherently more difficult than selection based on the conjunction task. These findings favor the subset selection strategy, but argue against the relevance map.
It should be mentioned that in Experiment 5, the disjunctionϪconjunction difference in the catch trials was greater than it was All of the samples are match displays. Experiment 5 tried to completely equalize the visual appearance of the conjunction and disjunction displays. As can be verified, the conjunction and disjunction displays for observer Group 1 (or 2) were, respectively, identical to the disjunction and conjunction displays of Group 3 (or 4), and the to-be-selected relevant subsets were also identical. See the text for further methodological details. (c) Results of Experiment 5. The response times were substantially longer in the disjunction task than in the conjunction task for both the critical trials and the catch trials. This suggests that attentional selection is inherently much more difficult in a disjunction task than in a conjunction task, even after visual appearance is completely equalized.
in the critical trials, t(1,31) ϭ 3.36, p Ͻ .003. As mentioned above, despite the instructions they were given, some observers may have performed the selection as a conjunction task based on the other two dimensions (i.e., C and D). This difference between the critical and the catch trials indicates that this strategy was probably used on some trials. However, this dilutes the effect emphasized here, and thus this possibility actually implies that the disjunctionϪcon-junction difference in critical trials has probably been underestimated here-so this point does not challenge the interpretation favored here.
General Discussion
In Experiments 1 and 3, we showed that it is much more difficult to select a disjunctively defined spatial pattern (the locations occupied by multiple items sharing in common that they possess one of several distinct features) than a conjunctively defined pattern (the locations occupied by items sharing the conjunction of several features). In Experiments 2 and 4, we showed that this difference disappears when the disjunction task is aided by bottom-up salience. Therefore, the difficulty of the disjunction task cannot be explained by assuming either that a priority map can only select a single location of maximum activation or that it cannot select a group of heterogeneous items. In Experiment 5, we showed that even after the complete equalization of visual appearance, it is still much more difficult to select a disjunctively defined spatial pattern than a conjunctively defined one. We conclude that the summation of signals from different dimensions can occur for bottom-up signals, but not for signals indicating top-down (taskspecific) relevance. Top-down guidance, we believe, is accomplished through a subset selection strategy, not a relevance map.
Implications in Relation to the Boolean Map Theory
Our Boolean map theory starts with the conceptual distinction between selection of information and access to information (Duncan, 1980a (Duncan, , 1980b and then characterizes (a) the nature of conscious access through the notion of a simple data structure (i.e., the Boolean map) and (b) the selection mechanism as the possible ways of creating a Boolean map.
The theory claims that the creation of a Boolean map (i.e., attentional selection) can only be implemented in one of two ways: (a) by selecting one feature value in one dimension (e.g., selecting the color red) or (b) by iteratively combining the output of (a) with a preexisting Boolean map via the Boolean operations. This claim implies that driving selection via a top-down relevance map is not an option for the system; selection based on multiple dimensions (e.g., the tasks in the present study) must proceed through Boolean operations (e.g., the subset selection). Thus, the present study tests a key prediction of the Boolean map theory. Below, we discuss the broader implications of the present study in the context of this theory from two perspectives.
Additional empirical support. The present conclusion receives support not only from the present experiments, but also from other findings and arguments made in relation to the Boolean map theory , just a few of which we will briefly mention here. First, observers can efficiently select a singleton of an unknown feature of one dimension within a subset defined on another dimension (e.g., an item of odd orientation among all red items; Friedman-Hill & Wolfe, 1995; see also Wang, Kristjansson, & Nakayama, 2005) . Because the feature is unknown, a relevance map as normally understood would be useless in this task. Thus, the result shows that if one postulates a relevance map (as traditionally understood), it is still necessary to postulate subset selection as an additional strategy. (Thus, an approach like Boolean map theory that postulates subset selection without postulating a relevance map is relatively more parsimonious.) Second, a conjunction search at short exposure is especially difficult compared to an inefficient feature search that is equally difficult at long exposure (Huang & Pashler, 2007, Experiment 5) . This is consistent with the idea that a conjunction search is implemented by a two-stage process in which the useful information only accumulates in the second stage; this, in turn, is consistent with the subset selection strategy, but inconsistent with the relevance map account.
Search versus pattern. Understanding how people attend to distributed visual patterns, rather than merely searching for a single target, is one important goal of the Boolean map theory in general. Important differences seem to exist between attentional selection of a visual pattern and attention to single targets. For example, previous studies have sometimes employed tasks that require a visual search for multiple targets (e.g., D 'Zmura, 1991; Menneer, Cave, & Donnelly, 2009 ). There are important methodological differences between these studies and the present study: in the former, one target at most was presented in a single trial and the term multiple targets merely meant that the target varied randomly from trial to trial and was not known in advance. By contrast, in the present study, the observers had to select multiple items that were presented simultaneously. Perhaps, as a consequence of this pattern versus search difference, the findings in the two situations seem to be fundamentally different: if the present experiments were modified so that only one of the relevant items was presented in one trial and the observers searched for this item, the conjunction display would become a typical conjunction search, whereas the disjunction display would become a disjunction search: a feature search for a singleton of unknown dimension (e.g., Treisman & Gelade, 1980; Pashler, 1988) . As is very well known, that kind of disjunction search is more efficient than a conjunction search, not less (Treisman & Gelade, 1980) . A similar difference exists in the case of within-dimension multiple-target selection. D'Zmura (1991) reported that a visual search for multiple colors is efficient as long as the colors of the targets are linearly separable from the colors of other items (e.g., searching for green and blue targets among red and yellow distractors); here again, one target at most was presented in a single trial (i.e., a search task) and the term multiple targets merely meant that the target varies randomly from trial to trial and was not known in advance. showed that when observers have to select multiple items that are presented simultaneously (i.e., a pattern task), it is rather difficult to perceive a spatial pattern consisting of one set of colors among items of another set of colors, even when the two sets as a whole are linearly separable colors (e.g., a spatial pattern consisting of green and blue items among red and yellow distractor items). In both examples, searching for a single target that varies from trial to trial among "multiple possible targets" seems to obey rules quite different from those involved in selecting a pattern of multiple items. Therefore, studying attentional selection of visual patterns is likely to require the revealing of new principles rather than merely the repetition of the findings and theories made in previous visual search studies.
Grouping Versus Attentional Selection
Above we argued in various ways that feature heterogeneity is not the main cause of the disjunctionϪconjunction task differences reported here. However, even if feature heterogeneity does play a role, its role may not be theoretically distinct from attentional selection after all.
An intuitive account of feature heterogeneity would rely on the Gestalt similarity grouping process, as described in many textbooks. On this view, items automatically form groups with each other, depending on their feature similarity. Attentional selection is easier when the to-be-selected subset is compatible, rather than in conflict, with these bottom-up-formed groups. However, the effect of feature heterogeneity could also be very well explained by the notion of feature-based attention: attention tends to select samefeature items. This notion of feature-based attention is, in turn, quite compatible with the subset selection strategy: attentional selection is based obligatorily on feature values and cannot be based on top-down relevance, and therefore it has to select the heterogeneous items sequentially and perceive their spatial structure through some very laborious process (e.g., retaining all of these locations in short-term memory). So, feature heterogeneity may after all be merely the difficulty that would be predicted by the subset selection strategy.
The critical difference between this feature-based attention account and the similarity grouping account is that the former postulates that the tendency to select same-feature items is only a manifestation of the rule of attentional selection itself, whereas the similarity grouping account postulates that items are already automatically organized as groups in preattentive early vision.
At a general level, it is challenging to distinguish between the two accounts. Similarity grouping can be assumed to be simply a manifestation of feature-based attention: similar items appear to be a group only because attention tends to select them as a whole. Recent empirical findings provide some evidence for this view. Levinthal and Franconeri (2011) found that human observers are limited to forming only one single group at a time using attentional selection. Franconeri and Bemis (2008) showed that, unlike groups defined by physical connections, groups defined by feature similarity are not treated as "merged" by the visual numerosity estimation mechanism.
Distinct Attentional Mechanisms for Pattern and Search?
In Experiment 2, we showed that a heterogeneous region can be selected on the basis of a bottom-up salience map, and we questioned the plausibility of the argument that a top-down relevance map cannot handle a heterogeneous region. One could still contend that a relevance map and a salience map work in different ways: a salience map can mediate the selection of spatial patterns composed of multiple heterogeneous elements (Experiments 2 and 4), whereas a relevance map cannot be used for that purpose (Experiments 1, 3, and 5)-it can only guide attention to a single location of maximum activation and so can only be used to achieve a conventional conjunction search (e.g., Wolfe, 1994) . Is this twosubsystem account plausible? There are two reasons to doubt that it is.
First, it can be argued that even if a "guidance to the maximum activation location" mechanism has been commonly assumed in previous models (e.g., Wolfe, 1994) , this is only because these models were designed specifically for visual search tasks, and thus there appears to be no good theoretical justification for this specificity beyond this practical convenience.
Second, such a two-subsystem account lacks parsimony. In our view, the concept of a unified priority map has had theoretical appeal for visual attention researchers partly due to its successful application in explaining how bottom-up signals are combined (e.g., Itti, Koch, & Niebur, 1998) , and the fact that the account is theoretically more satisfying when formulated so to assume that top-down signals operate in the same way. However, when the idea of unification itself falls into question, there does not appear to be any direct empirical evidence to support the existence of a unified relevance map as against selection based on specific feature values (as in the subset selection account favored here).
Of course, neither of the arguments mentioned above can conclusively rule out this two-subsystem account. Although it seems lacking in theoretical justification and relatively unparsimonious, this account could nonetheless be correct. Further empirical tests are needed before a definitive conclusion can be drawn.
Two Versus One Versus Zero Relevant Features
The relevance map account predicts that the overall activation in such a map would be lower in the disjunction displays than in the conjunction displays. In the conjunction displays, the selection was based on a comparison between the activities of two versus one relevant features (i.e., total match with a target template vs. half match), whereas in the disjunction displays, the selection was based on a comparison between the activities of one versus zero relevant features (i.e., half match vs. total mismatch).
This difference is worthy of further consideration. Generally, we believe that the difficulty of disjunction tasks cannot easily be explained by this difference. On a psychophysical scale, a "2 versus 1" physical difference is usually less than a "1 versus 0" physical difference; this difference would therefore predict that a disjunction task should actually be easier than a conjunction task, a prediction opposite to the present finding. However, it is still possible that some types of relevance map systems will have difficulty dealing with disjunction tasks because of this difference. For example, a system 1 may assign positive signals (i.e., facilitation) to a relevant feature and negative signals (i.e., inhibition) to an irrelevant feature, and direct attention according to the sum of these values but with the additional constraint that the total sum, if negative, will be rounded up to zero. A conjunction task is relatively easy for this system because items in the relevant subset receive positive signals twice, but for items in the irrelevant subset, the sum of the signals is zero. However, this system will have difficulty with a disjunction task because for items in either the relevant or the irrelevant subset, the final rounded-up sum will be zero. This and other possible accounts will need to be explored in future studies.
Potential Alternative Strategies
Although the observers in this study were instructed to attend to the spatial arrangement of the locations occupied by the four relevant items in each of the two displays and to respond according to whether the arrangement on the left matched the arrangement on the right, it is possible that they may have used some alternative strategies.
One possible strategy they might have employed in a disjunction display is as follows: initially selecting only the two items of one type (e.g., two green items when the task is "Green U Fine") and checking whether there are matched items (e.g., green items or fine items) at the corresponding locations on the other side. If one of these locations either contains a wrong item (e.g., a Red Coarse item) or is empty, then a "mismatch" decision can be made without further checking. To know whether this strategy was used in the present study, we analyzed the mismatch catch trials of the disjunction task in Experiment 5, dividing them according to whether there were "coincidental matches" for two same-feature items on one of the sides. In these trials, the observers needed to compare the other two items to reach a mismatch decision. We found that trials with such coincidental matches accounted for 9% of the trials (on average 3.6 trials per observer). Two observers had no such trials; for the remaining 30 observers, the RTs in such trials were longer than the rest of trials but were not statistically significant (2222 ms vs. 2071 ms), t(1,31) ϭ 1.33, although this lack of statistical significance may have been due to the rarity of such trials. This 151-ms difference suggests that the aforementioned "partial comparison" strategy may have been used by some of the observers. However, this does not challenge the conclusion of the present study because this only confirms that it is difficult to ignore the features and directly select based on a relevance map.
A second possible alternative strategy the observers may have used is that although they were instructed only to compare the spatial structures of the relevant subset, they perhaps still sometimes spontaneously compared the exact features. In the match trials of the disjunction task, the features were randomized so that the portion of trials with 0, 2, or 4 items whose features matched was, respectively, 1/6, 2/3, and 1/6. We analyzed the match catch trials of the disjunction task in Experiment 5: the RTs for the zero-feature-match, two-feature-match, and four-feature-match trials were, respectively, 2884, 3079, and 2675 ms and they differed significantly from each other (two-feature-match vs. zero-featurematch, t(1,31) ϭ 2.37, p Ͻ .05; zero-feature-match vs. fourfeature-match, t(1,31) ϭ 2.25, p Ͻ .05). These results indicate that the observers had (at least on some trials) spontaneously compared the actual (but irrelevant) feature values of to-be-selected items. However, this does not challenge the conclusion of the present study because this again only confirms that it is difficult to ignore the features and select based on a relevance map.
Other Relevant Studies
One potentially relevant line of research that has been conducted on the topic of the across-dimension combination of relevance employs the priming paradigm (e.g., Müller, Heller, & Ziegler, 1995; Found & Müller, 1996 ; see also Kumada, 2001 ). The basic finding of these studies is that an observer is slower to detect a feature singleton if its uniqueness is defined on a dimension different from that of the previous trial. These findings are often interpreted as reflecting a weighting adjustment of the different dimensions in a general relevance map. However, by themselves, they show the difficulty of dealing with multiple dimensions, and therefore they could be perfectly consistent with the suggestions proposed above.
Another potentially relevant notion from previous research is the idea of conjunction neurons (Li, 1999) , especially color-form conjunction neurons (Koene & Zhaoping, 2007) . Koene and Zhaoping (2007;  see also Krummenacher, Müller, & Heller, 2001 showed that the salience effect of double-dimension singletons (e.g., an item that is a singleton in both color and form) is greater than the independent sum (i.e., the race model) of the salience effect of the two dimension in some pairs of dimensions (Motion and Orientation; Color and Orientation), but not in others (Motion and Color). This finding can be explained in terms of the existence of certain types of conjunction cells (i.e., MotionϪOri-entation conjunction; ColorϪOrientation conjunction), but the lack of other types of conjunction cells (i.e., MotionϪColor conjunction). It seems appealing that the relative ease of the conjunction task in the present study could be attributed to the existence of the corresponding conjunction neurons (e.g., redϪcoarse neuron). However, there are two reasons to doubt the relevance of these neurons as the underlying mechanism for the present conjunction task. First, these conjunction cells respond to local feature contrast, and so they are plausible mechanisms for computing bottom-up salience but not for computing top-down relevance. Second, if the conjunction neurons were critical for the present conjunction task, then there would have been special difficulty with the colorϪmo-tion conjunction task because of the lack of such neurons. Using ourselves as observers, we conducted an informal experiment in which we attempted to select for a relevant subset defined as colorϪmotion conjunction (e.g., selecting a subset of red-leftwardmoving items, ignoring green-leftward-moving and red-upwardmoving items) and found this task to be fairly easy; so again it seems unlikely that these neurons are very relevant to the present conjunction task.
Conclusion
The studies reported here have shed new light on the mechanisms involved when people selectively attend to groups of elements in multidimensional displays. The results show that selection in such tasks is quite different from selection in single-target search tasks, an area of study on which most visual attention research has focused. Our results challenge the currently popular notion that attentional selection simply reflects a simultaneous summation of top-down and bottom-up signals in a relevance map. Moreover, the results are consistent with the alternative idea of subset selection, and its more comprehensive embodiment in Boolean map theory.
Specific conclusions aside, we hope that this work may encourage new research on attention to spatial patterns more complex than just a single target. As a positive byproduct, our results should give visual attention research greater relevance to a rapidly emerging field of real-world concern-information visualization (e.g., Healey & Enns, 1999 )-a field that, at its very core, relies on the human ability to see structure in complex multidimensional displays (not merely to find single target elements).
